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Abstract

We havs performed angle-integrated and angle-resolved photoemission
meusurements at 20 K on well-characterized single crystals of high-T¢ cuprates ( both
1:2:3-type and 2:2:1:2-type ) cleaved in situ, and find a relatively large, resolution limited
Fermu edge which shows large amplitude variations with photon energy, indicative of
band structure final statc effects. Tgc lineshapes of the spectra of the 1:2:3 materials as a
functior. of photon .:ncr§ y are well reproduced by band structure predictions, indicating a
correct mix of 2p and 3d orbitals in the calculations, while the energy positions of the
peaks agree with calculated bands only to within =(.5 e¢V. This may yet prove to reflect
the effects of Coulomb correlution. We nevertheless conclude that a Fermi liquid approach
to conductivily is uppropriaie. Angle-resolved data, while still incomplete, suggest
agreement with the Fermi surfuce predicted by the LDA calculations. A BCS-like energy
gap is observed in the 2:2:1:2 matenials, whose magnitude is twice the weik coupling B S

value (i.e., 2A =7 KT,).

1. !ntroduction

ltas widely accepted that the electronic structure of the high-T superconducting
(HTSC) cuprates consists of impurity bands induced by the doping of holes into the Cu();
planes. Many theoretical models [ 1) assume that the underlying electronic structure is not

substantially altered by the doping so that the electronic structure of the HTSCs is similar



to the non-superconducting (or insulating) parent compounds. Since band calculations [2-
7], using the local density approximation (LDA), have been singularly unsuccessful in
predicting the magnetic and insulating properties of the parent oxides, it is a natural
extension to assume that such calculations are inapplicable to HTSCs. The general
approaches (aside from band structure) that have been taken include the Anderson model
[8,9], some variant of the Hubbard model [10-13] and the resonating valence bond model
[14]. To the best of our understanding the last approach results in charge carriers which
do not strictly obey Fermi-Dirac statistics so that the system is not described as a Fermi
liquid with a well-defined Fermi surface.

Early photoemission measurements, both angle-integrated [15-19] and angle-
resolved [20,21] using single crystals, in fact seemed to support the more exotic
approaches. While a very small, well-defined Fermi edge was occasionally obscrved [16)
in La-Sr-Cu-0O systems, it was never seen in the 1:2:3 type materials {22], thus reinforcing
the concept of a vanishingly small density of states (DGS) at EF and no conventional
Fermi function cutoff of normal metals.

The discovery of the Bi-based cuprates with their stable Fermi eage at room
temperature changed the above situation and initially actually appeared to be inconsistent
with the 1:2:3s and 2:1:4s. We showed |23-26}, however, that most early photoemission
data on these latter types of compounds, if taken at room temperature, probably were not
sampling the true bulk electronic structure but rather only a deteriorated surface oxide (an
insulator with no DOS at Eg) resulting from surface reconstruction, oxygen loss, or both
(the actual mechanism is yet to be determined). If, however, a well-characterized
superconducting single crystal of a 1:2:3 material is cleaved at low temperatures (T<50K)
to expose a fresh surface, such a surface reconstruction (and/or oxygen loss) is
suppressed and a spectrum representative of the bulk superconductor is obtained. This is
evidenced by the existence of a large, stable Fermi edge and the appearance of a highly

structured photociaission spectrum |27} which, as we shall see, is not inconsistent with o



band structure DOS. Thus a uniformity regarding the Fermi edge is established among the
HTSCs (including the BiO3-based compounds) which now makes them strong candidatcs
for Fermi liquids, as will become evident in the text. Indeed it is now possible to observe
directly 1a photoemission the large BCS-like gap [28-30] at temperatures below T, and
in fact only for those k-values which correspond to the Fermi surface [29,30].

The weight of evidence is building not only in favor of the Fermi liquid model, but
rather also towards an electronic structure in large measure describable by a band structure
DOS [27] (at least some form of renormalized bands), and a Fermi surface very similar to
predictions. Thus we are apparently not dealing with impurity bands at Eg {31], but rather
with bands described by a band calculation. It remains yet to be determined to what extent
the bands are renormalized as a consequence of the strong Coulomb correlation which is
evidenced in the form of satellites [16,32,33], and whether this correlation plays a
significant role in the superconductivity.

In the present manuscript we will review our recent photoemission data which led
us to the above conclusions. We will mostly confine ourselves to angle-integrated data
since the angle-resolved work is still in progress, although the later type of data will
eventually be much more compelling. We have not studied the parert insulating oxides in
any great detail so that we don't know how they differ from the predicted metallic
behavior. This latter study is a necessary step in understanding these materials and is at

present underway.

2. Exnerimental Details

A much more detailed set of experimental procedures is published elsewhere |27].
Here we will only concentrate on the essential features.

The angle-integrated photoemission measurements were tiaken at the Synchrotron
Radiation Center in Stoughton, W1 using the Ames Montana ERG/SEY A beamline, as

well as the Mimnesota Argonne-Los Alamos ERG beamline, Overall instrument resolution



for the beamline and the double pass CMA analyzer varied from 125 to 200meV. The
chamber pressure was maintained at 5x10-11 Torr throughout the measurements. Cooling
to 20K was accomplished via a closed cycle He refrigerator. The angle-resolved data on
the 2:2:1:2s reported here was taken with a VSW 50mm hemispherical analyzer, with a
maximum overall resolution (at 2eV pass energy) of 30meV. Chamber pressure was
likewise maintained at 5x10-!! Torr and sample temperature controlled with a He
refrigerator.

The thin single crystal plates (typical dimensions Imm x 1mm x 0.05mm) were
mounted with epoxy between two Al rods orienied along the c-axis. Electrical contact was
made with a thin layer of a suspended graphite solution. One of the Al rods was in contact
with the cold finger while prying in-situ on the free Al rod resulted in a sample cleave in
the ¢-b plane.

Most of the measurements reported here were done with the sampie temperature
maintained at 20X since, as will become evident, warming above 50K resulted in a rapid
deterioration of the 1:2:3 surface [23,24]. On the other hand, the sample surface remained
stable for up to 2 days if maintained at 20K. A similar instability wa ; not observed for the

2:2:1:2s.

3. Results and Discussion
3.1 Clean vs. Deterionted Surface of Y-1:2:3 In Fig.1 we show 3 spectra from a
Y:1:2:3-0p g crystal cleaved at 20K and measured first at 20K, then at 300K, and again at
20K. A measurement at 20K immediately after a fresh cleave (20 in Fig. 1) exhibits a
large, resolution-limited Fermi edge, and a substantial spectral weight in the -1eV to -2¢V
range It does not, however, show the much discussed | 34,35] feature at -9eV. If the
sample is naintamed at 20K the spectrum 20, can be reproduced indefinitely.
Warming to 300 K, however, inmediately results in dramatic changes. Even

hefore the - 9¢eV feature develops significant intensity, the spectrum loses all the intensity at



EF, followed by a substantial loss of intensity in the -1 to -2eV range, a valence band
maximum shift from -3.5eV to -4.5¢V, and additional intensity loss near -6eV. Cooling
the sample back to 20K (spectrum 20r in Fig. 1) shows that the changes are irreversible,
although some apparent recovery is seen near Ef. This recovery is not understood at
present but may be related to a phase transition.

It is instructive to follow the behavior of the O-1s core level as the surface
deteriorates. In Fig. 2 we show three spectra of this core level. Spectrum (a) is for
Bi2SroCaCuz0y after a fresh cleave at 20K, spectrum (b) is for Y:1:2:3 Og 9 (same sample
as in Fig. 1) likewise after a fresh cleave, while spectrum (¢) is for the same sample of
Y:1:2:3 but now at 300K. Note that a single O-1s core level is found at -528¢V in both
materials after a fresh cleave. As the surface of the 1:2:3 material deteriorates, a second O-
ls peak at -531eV grows, along with the -9eV peak. Some researchers have assigned
[36,37] the -S31eV peak to the O!- valence state (vs. the 0?2 for the -528eV peak).
However, we can see that it is not intrinsic to the Og 9 materiai.

The question anises whether the deterioration is due to oxygen loss resulting in an
oxygen deficient Y:1:2:3 surface, or to a cnemical change [38] resulting in a totally
different composition at the surface. We can get some insight by studying wcll-
charactenzed oxygen-deficient crystals cleaved and measured under identical conditioas as
the Og 9 sumple. The spectra for several YBa2Cu3Ox materials are shown in Fig. 3 at
hv=50eV. We can sce that while the DOS at Ej: decreases monotonically with x, there is
no indication of the -9eV peak in any spectrum, and ihe valence band maximum remains at
-1.5¢V for il x. There is, however, a significant narrowing of the valence band width for
x=6.25, with significant accompanying intensity losses at -1.5eV.

We conclude from Fig. 3 that while decreasing the oxygen content does indeed
cause some changes throughout the valence bands, a spectrum taken at room temperature
on a deteriorated surface is 1otally unrelated to that of a 1:2:3 material. Perhaps some

oxygen loss is occurring. However, a more significant factor for UV photoemission



measurements with their small escape dcpibs is a composition change [38] on the surface
which yields the -9eV feature in the valence bands, as well as the -531 eV peaks in the O-
1s spectrum. Thus attempts to correlate these features with valence fluctuations or other
phenomena intrinsic to the 1:2:3 materials, are in error.

3.2 Valence Bands of Y:1:2:3: Comparison to Band Calculations Having
established the instability of the 1:2:3 surface at elevated temperatures, it is clear that
meaningful data can only be obtained on a freshly-cleaved single crystal surface at T<50K.
The bulk of the remaining data was taken under such conditions.

In Fig. 4 we display a series of angle integrated spectra from a sample of
YBajCu3Og g taken at various photon energies ranging from 14eV to 70eV. We point out
that these spectra are from a cample different from that of Fig. 1. This caution is
necessary since it is evident that at hv=50eV the spectra from the two samples are not
identical. The differences are due to residual angle resolved effects stemming from the fact
that we are using single crystals and a CMA analyzer which admits only a limited number
of electron trajectories. Hence we do not have a true angle integrated spectrum. These
phenomena would however tend to affect amplitudes more than peak positions in these
very complex materials so that it does not alter our conclusions. We wish to call attention
to the following observations:

(a) At low hv (<20eV) we observe a number of peaks in the secondary electron

spectrum due to van Hove singularities in the empty bands [39]. These peaks shift

linearly with photon energy to apparent higher binding energies as hv increases, as
shown by the arrows for one set of such final state peaks. They are not
representative of the filled states except insofar as they will enhance a valence band
feature whenever direct transitions are possible into these van Hove singularities
from the filled states. Thus most of the apparent dispersion for hv<2(0eV is due to

these final state effects.



(b) In addition to the peak at Ef, we can identify peaks A through F as being part
of the DOS structure.

(c) The Fermi edge amplitude is strongly modulated by the same band structure
effects as in (a), but remains strong for all hv, thus indicating at least a partial d-
wave function character (see below).

When one compares the peaks in the spectra to a calculated [2-7] DOS (Fig. 5) it
is possible to get a one-to-one correspondence between the calculated and experimentally
observed peaks, provided that the calculated Fermi energy is shifted up (to lower binding
energie<) by 0.5eV. We show in Fig. 5 a DOS from Ref. , although most calculated band
structures are similar. Peaks A and B are primarily due ‘o p-like bands while the bulk of
the Cu-3d density is centered around peaks C and D. The weak peak F is due to the
bottom of the oxygen-p bonding bands.

The actual character of peaks A through F can be more easily discerned form the
lineshapes of the spectra as a function of photon energy. Because of the very different
cross sections |40] for p vs. d transitions, the spectral weight changes as hv increases.
Redinger et. al. |41] have calculated the expected photoemission spectra as a function ot
hv based on their DOS. We compare several of the spectra of Fig. 4 to these predicted
spectra in Fig. 6. The solid curves are spectra from Fig.4 with backgrounds subtracted,
while the dashed curves are from Ref. 41. The spectra were aligned on the p-like peak A.
Except for the (0.5¢V shift we see that the spectral shape follows he correct energy
dependence, thus indicating a correct orbital character mix in the DOS. On this gross
scale, then, band calculations correctly capture the essential feature of the experimental
DOS. The main disagreement is the ().5¢V shift and the very large predicted Fermi edge
(large N(EE)) vs. a much more modest one observed experimentally.

A very recent publication [42] has focused on the problem of Coulomb
correlfat” » and how it should affect the band structure as obtained from an LDA

calculat 1. Indeed, they find that for a value of U~4.0eV, the Fermi energy would shift



by =0.5¢V with a corresponding dramatic drop in N(EF), just as observed. This fact,
combined with the obvious satellite structure associated with Cu features, would seem to
support a band structure a* least partially renormalized by Coulomb correlation, a situation
somewhat reminiscent of heavy Fermions.

3.3 The Character of States at Ep It is quite important to a number of theories [1]
to determine the orbital character of the states at Er. For example, many theories would
prefer primarily O-2p character with oxygen hole hopping in the CuO7 planes as the
primary conduction mechanism. While resonant photoemission has been the technique of
choice [43] for determining orbital symmetry of photoemission features, a quick glance at
Fig. 7 will show that this techaique has its shortcomings with respect tc HTSC's. Here
we show spectra from a slightly deteriorated sample of Eu:1:2:3 at both the O-2s (left
panel) and Cu-3p (right panel) edges. We do this in order to focus on the -9eV
contamination peak, which is known to be of primarily O-2p character. We see that it has a
maximum amplitude at hv=22eV, as does the valence band feature at -2eV below EF,
which we know from above to also be substantially p-like in character. Thus we conclude
that at least for 1:2:3 type materials, the oxygen resonance is at hv=22eV and not at the
often quoted [31] 18 eV. The intensity at Ef, on the other hand, has minimum at
hv=22¢V. The Fano resonance, if any, is obscured by the above-mentioned final state
effects (van Hove singularities in the empty state) due to band structure.

Similarly at the 3p edge (hv=74¢V) one runs into difficulties. Note that there is
almost no intensity modulation in the valence bands, while the -10eV and -12eV Cu
satellites (arrows) undergo a very strong resonance. The point is that even if there is 3d
character at Ep there is no reason to expect its intensiwy to resonate at hv=74eV since the
entire valence band fails to resonate.

One can still determine the orbital character by measvring the intensity at Eg as a
function of photon energy. In Fig. 8 we display angle integrated spectra of

Bi23rCaCugOyg for a number of photon energies nonnalized at the vaience band



maximum. While this is an incorrect normalization procedure one nevertheless sees that
the intensity of the pcak near Eg (actually at -0.2eV) remains strong to high photon
energies, and shows final state enhancements at 18eV and 50eV.

A more correct normalization takes into account the number of p-and d-electrons
(we ignore all the rest due to weak cross-sections [40] ) and equates the total integrated
intensity of the spectrum at each photon energy to the total integrated intensity expected at
that energy from the atomic calculaticns of Yeh and Lindau [40]. The resulting intensity at
-0.2eV is then plotted as a function of hv in Fig. 9. Here the open circles correspond to
values of hv where final state enhancements occur and hence are not included in the
calculations. The solid lines are intensity variations expected of the feature were either
entirely d-like or p-like. Clearly the measu. cd intensity follows neither curve. Instead we
try to approximate it by taking linear combinations of the two cross-sections and find a
best fit with =35% Cu-3d and €5% O-2p character. Similar analyses for the 1:2:3 material
yield about a 20-80 mix of Zu and O at Ef.

It is difficult to put error bars on these numbers since, as we have seen, the
intensity, especially at EF, is a strong function of the sample surface condition, as well as
sample orientation (recall that our measurements are not truly angle integrated). Suffice it
to say that there are strong contributions from both Cu and O ir. the conduction band.

This, then, also argues in favor of a strongly-hybridized band-like model.



3.4 Angle-Dispersive Bands and the BCS-Like Energy Gap Angle
resolved photoemission may in the end prove to be the most significant measurement with
which to probe the electronic structure of HTSCs, and a substantial amount of angle-
resolved data already exists in literature [31,44,45]. We would caution the reader,
however, to be cognizant of the very serious samp.e-dependence encountered. We would
automatically discard, for example, any room temperature data on the 1:2:3 samples even
though a weak Fermri edge may be evident (refer to Fig. 1). Likewise we are wary of data
which features the -9eV satellite. In the case of the 2:2:1:2 materials we would point out
that the Fermi edge in our samples (Fig. 8) is much stronger than in most other published
data [31,45], presumably reflecting sample perfection. On top of all this are the very
strong final state modulation effects which greatly increase the parameter space in which to
map out the bands. In other words, the absence of a peak in the spectrum does not
automatically translate into the absence of a band. It may be missing because of a weak
matrix element (i.e., no final state ex:sts for direct transitions at that hv).

Most published angle-resolved data [31] were taken at hv=18eV, because it is
generally believed that a resonant enhancement occurs there. We, however, would not
rule out the possibility that for hv=18eV one merely enhances one part of the Brillouin
zone due to final state effects, so that a failure to work at other values of hv precludes a
proper sampling of other parts of the zone. in addition, strong polarization effects have
been observed suggesting that one should not rely too heavily on symmetry.

Our own angle resolved work is still in progress, with indications that this will be a
iong project, indeed. We are not prepared to make definitive statements at this time.
However, preliminary indications are th.' the Fermi surfaces predicted both for the 1:2:3-
type and the 2:2:1-2-type materials will be borne out experimentally. Th¢ hands
themselves, however, are difficult to follow below =300meV in BipSrpCaCuz0yg so that
we cannot make definitive statements about band-widths. We do, however, find less
disagreement in general with calculated bands than others have cbserved.

In this manuscript we will confine ourselves to the more definitive aspects of the



data. In Fig. 10 we show a senes of spectra taken on Bi2SrpCaCu20g at the indicated
angles with respect to the c-axis at hv=22eV. For this set of data, ki is approximately
along the I'-M direction. Two sets of data are shown for each angle setting of the analyzer
(2° acceptance angle); thin lines correspond to spectra obtained at T=90K (i.e., at
T>T.=85), while the thicker lines correspond to data taken at T=20K<<T. It will be
noticed that for an analyzer setting of ©=11" the peak maximum in the spectrum is at
-100 meV, well below EF, and easily resolvable with our overall instrument resolution of
30meV. In short, the band is still below the Fermi energy and not involved in conduction.
At ©=.13", however, the band disperses much closer to Er and the 90K spectra are vastly
different from the 20K spectra. This is the effect of the BCS-like gap, A, at Er and the
associated pile-up of states just below A.

Before discussing the etfect of the gap in more detail, let us first concentrate on the
90K spectra. for ©=18" there is a clear indication of the band crossing EF as evidenced by
the dramatic drop in intensity. Because the above data were not takein precisely along a
symmetry axis, there is no direct band calculation for comparison. Nevertheless the
crossing is approximately in the location where one would expect the M-centered Fermi
surface. Data presently presently being analyzed on better oriented samples appear to
indicate nearly exact agreement with the predicted Fermi surface [46].

Because of our 29 acceptiance cone of photoemitted electrons, each spectrum in
Fig. 10 is simultaneously sampling approximately =10% of the '-M momenta (= 0.075
A-1). However, for ©=18", most of the band being sampled has dispersed above Ep and
we can get there a much more accurate measure of the sharpness of the Fermi edge and
how it compares to what one expects from a conventional metal. Using the usual 10% to
90% of peak height to determine the width of the Fermi edge, we obtain a value of
~45meV. Using the same criteria for the Fermi function broadering, the I'ermi edge at
T=90K is expected 1o be broadened by ~35meV (notz that kK'T=8meV at this temperature)

while instrument breadening is =30meV. The rms value of these two broadenings is



46meV which is almost exactly our observed value. Thus we have an electronic structure
which obevs Fermi-Dirac statistics—in short, a Fermi liquid!

Returning to the 20K spectra we note the pile-up of states which results in the
sharp peaks (FWHM=30meV, or, the instrument resolution) just below the gap, A. To
determine A we modeled [30] the ©=18" spectrum with a Lorentzian and a linear term
(because of the finite angular acceptance of the analyzer this was again deerned the least
complicated spectrum). The width of the 90K Lorentzian was determined empirically (
presumably a function of lifetime broadening and dispersion of initial and final state
bands). This was then convolved with a 90K Fermi function and instrument broadening
to obtain a best fit. Finally the "best fit" Lorentzian was convolved with a BCS density of
states function [47] and a 20K Fermi function. In this way a best fit to the data at 20K
was obtained for 2A=7kT,. This is similar 10 values previously reported |28,29],
although our data are much more frec of complications resulting fror angle integration. A
cursory measurement of the amplitude of the BCS density of states (i. ¢., a simnple scaling
of excess peak height vs. temperature) indicates that (he pile-up of states with temperature
roughly follows a Brillouin function.

The very large gap (twice the BCS weak coupling value) may be indicative of
strong coupling effects in accordance with the results of Kresin [48), who has shown that
the limiting value for extremely strong coupling is 8Tc. Indeed we have additional
cvidence from the variation of N(Er) with T, that strong coupling effects may be
indicated. In Fig. 3 we sce that N(Ep) (actuallr we use the maximum value of the spectal
density just below Ep) drops very rapidly with T¢. Kresin in fact has shown from the
generalized Eliashberg equations that in the generalized case for any value of the coupling
constant, A,

Te=0.5<n?>12( 2N _1)-112
where the prefactor A=(.5<n?>172, is related to the Debye temperature and is allowed to

vary to obnriin the necessary Te. H we make the assumption that, as in the 3CS



formulation, A=N(Ef)V, where '/ is a constant interaction strength, then A is proportional
io N(Ep). In Fig. 11 we plot a series of curves for the function
Te=A(e2AmaxA _1)-1/2,
where A and Amayx for each curve are adjusted so that T¢=92K at A=Aqax. In the limiting
case of large Amax we have Tc=92(AAmax) 72 or, equivalently,
Tc=92|N(ER)/N(ER)max| 2.

Here N(Ef)max is the value of N(EF) for the Tc=92K matenial. We can see from
the figure that, while the error bars are large, T, varies approximately as [N(Eg)|!72, or the
strong coupling limit.

4. Conclusions

We be..zve that there is ample indication that band structure calculations have
captured the essential features of the DOS in HTSC materials. While som:
renormalization of the bands due to electron-eleciron correlation effects may still prove
necessary, the indications are that we are dealing with a conventional Fermi liquid whose
Fermi surface is adequately described by LLDA calculaiions. A BCS-like energy gap is
observed in the 2:2:1:2 materials whose value is about twice the weak-coupling BCS
value, but the density of states just below A is correctly described by the BCS function,
The large gap and the rapid variation of N(Ep) with T, would seem to support a sirong
coupling model. Previous inconsistencies in photoemission data are primarily due to the
use of sintered materials and measurements at room temperature which yield a surface

composition different from the bulk.
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Figure Captions

Fig. 1 Valence band spectra for a crystal of YBaaCu3Og 9 in the a-b plane.
Sample was cleaved at 20K. Lowest curve, 20i, was taken immediately after the
cleave, the middle curve was taken within 10 min. of warming to 300K, while the
top curve was again taken at 20K upon re-cooling. Note the irreversibility of the
various spectral changes (see Text).

Fig. 2 O-1s core level spectra showing the single line nature of the clean spectra;
a) BiaSrpCaCu20g at 20K after a fresh cleave; b) YBaaCu3Og 9 at 20K after a
fresh cleave; ¢) YBaCu3Og 9 after =1/2 hr at 300K. Note the buildup of a feature
at -531¢V as the surface deteriorates.

Fig. 3 Valence band spectra for YBaCu3Oyx at hv=50¢V for values of x between
6.25 and 6.9, taken on crystals cleaved and measured at 20K. The -9¢eV satellite is
absent for all values of x. Note the decrecase in N(EE) as x dccreases. Note also
that the valence band maximum is at =-3.5¢V for all x.

Fig. 4 Angle-integrated vaience band spectral for YBayCu3Og g for values of hv

ranging from 14 to 70eV. "The apparent dispersion below hv =20eV is due to van
Hove singularities in the empty states (see Text). The amplitude modulation of the
Fermi edge with hn is due to the same phenomenon. Peaks A through F can be
identified with the DOS.

Fig. § Density of States tuken from Ref. 6. The peaks labelled A through F has a
one-to-one correspondence with peaks A through F in Fig. 4 if the calculated
Fermi energy is shif.ed by 0.5¢V to lower binding energy.

Fig. ¢ Comparison of calculat=d and measurcd photcelectron spectra. Solid lines
are spectra taken from Fig. 4 but with the secondary backgronnd subtracted.
Dashed lines are calculated spectra {rom Ref. 41. Good correspondence is again
obtained if we employ the 00.5¢v shift.

Fig. 7 Spectra taken on a slightly deteriorated sample of EuBazCu3Og 9 in order to
sec the resonance of the -9eV contamination peak. Left panel: O-2s featurc ot

-2¢V. Ar incidental Eu-4f resonuance at -5eV for a photon energy of hv=18eV is
also observed. Kight panel: Cu-3p absorption edge. A large resonant
enhancement is observed in the - 1eV and -12eV Cu-related satellites, while almost
no enhancement is seen in the valence bands,

Fig. 8 Valence band spectra for BiaSrpCiaCuiOg at T=20K for various values of

hv. The intensity of Egis nearly constant for all spectra except for the final state
cnhancements at 18¢V and 50eV.

Fig. 9 Plot of the photoemission cross-section at Ep: for BiaSrpCaCuy0Oy for

properly normalized spectra (see Text) for values of hv ranging form 18eV to
100e V. Open circles represent final state enhancements and are not modeled in the
fit. The pure Cu-3d and O-2p cross-sections shown for comparison are taken from
Ref. 40. The measured cross-section can be obtained from a lincar combination of
35% Cu-3d and 65% O-2p.



Fig. 10 Angle-resolved valence band spectra within 300meV of Ef for
BisSrpCaCu3Og at hv=22eV. Thin lines are data taken at 90K (above T:=85K),
and thick lines are data taken at 20K. The indicated angles, ©, are with respect to
the c-axis and approximately along the I'-M direction. Note the pile-up of BCS
states for the T=20K data for ©213°; i.e., for occupied bands within A of EF.

Fig. 11 Plot of the intensity at Ep from Fig. 3 (data points) as a function of Tg.
Note the approximate [N(Eg)]1/2 variation. Solid lines are plots of the equation

Te=A(e-2AmanA _1)1722 for the indicated values of Az« The prefactor A is adjusted
so that T¢=92K ior cach Apax.



Intersity (arb. units)
<

- YBa Nncu Om.

9

hyv = 50 eV
_ _P_; _I— | _ |

|

-10 -8 -6 -4 -2
Energy Relative to E_

0

(eV)



Intensity (arb. units)

I | | l 1 ] ||
i O 1s
—hv = 600 eV

1 I ] [ l ]
-532 -528
Energy Relative to EF (eV)



Intensity (arb. units)

| Oxygen
Content
S R TR N T
-8 -6 -4 -2 0

Energy Relative to E . (eV)




FrrrrrrrrtrrEr et

Intensity ( arb. units )

YBa_ Cu O
2 3 6.9

e

llJlJ]lllJJLllL7o
6 -4 -2 0

Energy Relative to E_ ( eV )




(a)

©
- ©
- ¢

- N
\M w
)
° 5
- XY
&)
& -~ .
-
e -7
8 | 8 i | ’ | | 4
Q S| bl ° 0 ©

(ne3-Av/ueinys) soa



Intensity (arb. units)

:{BaZCUSOG.Q

T T T T T T T T AT T

|
\
|
\

\

lllJJill

)

-6 -4 -2 0
Energy Relative to E (eV)



(arb. units)

Intensity

T T T T T T T T T

Cu satellites

|

ot bbbty A
-8 -6 -4 -2 0 -12 -8 -4 0

Energy Relative to E, (eV)




Intensity ( arb. units )

l]ﬁT‘l'l]lllT]Wl

Bi 2:2:1:2

NV T OO YO RN RN R
-6 -4 -2 0
Energy Relative to E . ( eV )



Relative Cross Section

.04 J
00 Bi2SroCaCu20s

| ] | | ' 1

40 60 80
Photon Energy ( eV )

100




l l I | I
Bi28r2 COCU2 08
hy =22eV 20K

D mT IO
18°
15°
13°
11°
|

| | l |

300 200 100 O
Binding Energy (meV)




0.0 0.2 0.4 0.6
N(E; ,x) / N(Eg,6.9)



